Abstract In this paper, we probed surface-enhanced Raman scattering (SERS) and surface-enhanced fluorescence (SEF) from probe molecule Rhodamine 6G (R6G) on self-standing Au nanorod array substrates made using a combination of anodization and potentiostatic electrodeposition. The initial substrates were embedded within a porous alumina template (AAO). By controlling the thickness of the AAO matrix, SEF and SERS were observed exhibiting an inverse relationship. SERS and SEF showed a non-linear response to the removal of AAO matrix due to an inhomogeneous plasmon activity across the nanorod which was supported by FDTD calculations. We showed that by optimizing the level of AAO thickness, we could obtain either maximized SERS, SEF or simultaneously observe both SERS and SEF together.
Nanoscale structures made from noble metals such as gold or silver possess localized surface plasmon (LSP) excitations when the structure interacts with light of the correct frequency and polarization [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . When LSPs are formed, strongly enhanced electromagnetic near-fields are generated at the surface of the supporting nanostructure. This property has attracted considerable research interest due to its potential applications in sensors, photonic circuits, medical diagnostics, and therapeutics. Modern nanofabrication methodologies enable the creation of a number of different nanostructures with precisely controlled shapes, sizes, and spacings [12] [13] [14] [15] [16] [17] [18] [19] [20] . One particular area of active research within plasmonics is the investigation of the effect of nanostructure substrate geometry on the optical properties of materials in the near-field of the LSP [7, 8, [10] [11] [12] [13] [14] 21] . Metallic nanostructures that possess anisotropic symmetry, such as nanorods, are reported to produce LSPRs with high quality factors [22] [23] [24] [25] . The nanorods possess two plasmon modes, a transverse and a longitudinal mode. These plasmon modes have spectral positions that can be precisely controlled by changing the aspect ratio of the nanorod. Nanorod array design enables choice over precise particle shape, length, width, and inter-particle coupling. One such array design is based on self-standing arrays of nanorods with fixed rod diameters and inter-rod spacing made using an anodic aluminum oxide matrix (AAO) [24] [25] [26] [27] . Such a nanorod array design has been applied to support optical sensor technologies based on surface-enhanced Raman spectroscopy (SERS) [27, 28] . SERS is a spectroscopic technique which can obtain precise information on the chemical structure and morphology of the Raman probe. This ultrasensitive detection method is enabled by the strong fields created using LSPs. In this paper, we demonstrate that the close proximity between Raman probe and metal is essential for good quality SERS.
Fluorescence spectroscopy is a well-known spectroscopic method playing a major role in selective detection of bioanalytes [29, 30] . Similarly to the effect of increasing the Raman scattering (SERS) of molecules, the presence of LSPRs on plasmonic metal nanostructures can enhance the fluorescence signal from locally situated fluorophores, a process known as surface-enhanced fluorescence (SEF) [29, 30] . SEF occurs when the fluorophore is within an optimum range of distances from the metal. This process creates a more efficient emitter, eliminates metal-induced quenching, reduces photobleaching rate, and increases photostability of fluorophores. A direct contact between probe and metal increases the non-radiant decay rate, and the fluorescence emission is effectively quenched due to energy transfer from probe to metal.
Therefore, a spacer layer is usually needed in SEF to separate the metal from the probe. The conditions for creating SEF and SERS are different because their emission processes are different. The fluorescence process undergoes three steps, absorption, energy relaxation, and emission. Therefore, it is longer and more susceptible to non-radiant decay. SERS does not experience non-radiant decay since it is a spontaneous scattering process [31] .
Few reports have studied SERS and SEF together which is potentially beneficial for sensor applications [6, 10] . Arrays of nanorods potentially support SEF as well as SERS. In this paper, we study SEF and SERS from self-standing nanorod arrays formed within an AAO matrix environment [24] [25] [26] [27] 32] . We specifically assess the effect of varying the presence of this matrix on resulting SERS and SEF intensities. Previous studies have examined such effects concentrating on SERS alone. Liao et al. studied the effect of SERS from 2D Au nanorod arrays [33] . The authors found that the SERS signal ratio increased as AAO was removed with the SERS signal intensity reaching a maximum. Further removal of AAO showed an increasingly reduced SERS signal. The authors correlated the change in SERS signal ratio to the geometric structure of Au nanorod arrays. The authors reported that with increased AAO etching, more of the Au nanorod tips were exposed and SERS reached a maximum intensity when aggregation among nanorod tips took place. The small tip-tip separation created a plasmonic "hot spot". Further etching of AAO resulted in loss of integrity of the SERS substrates. The nanorods previously supported by the AAO matrix began to collapse and reorientate parallel to the substrate surface. This created a reduction in SERS signal levels. Lee et al. and Yao et al. also showed that increased exposure of the nanorod from its AAO matrix initially increased the SERS signal intensity until it reached maximum and thereafter was reduced [34, 35] . In common with Liao et al., the authors reported that maximum SERS occurred when the analyte molecules were positioned within the nanorod tip-tip "hot-spot" gaps. Increased AAO removal caused the nanorods to collapse, and SERS signal was reduced as the molecules adsorbed along the entire lengths of the nanowires and only occasionally found themselves in "hot spots" that happened to have formed. Our study looks at SERS and also SEF, examining the effects of the presence of AAO on SERS and SEF signal intensities. One challenge to this approach is to fabricate conditions that enable both SERS and SEF responsive from nanoprobes as the optimum distance for enhancing fluorescence emission and Raman scattering is different. A direct contact between molecule and metal surface is detrimental to SEF due to enhanced non-radiative decay in the probe molecule (quenching), whereas no contact between molecule and metal could be detrimental to SERS. We find that the presence of the AAO matrix can create the conditions required for SEF by acting as a spacer between the gold nanorod and the probe molecule. We find that by simultaneously studying SERS and SEF, we observe that there exists an inverse relationship between SEF and SERS. Optimization of the level of AAO matrix thickness optimizes conditions for obtaining either maximized SERS, SEF or for simultaneously observing both SERS and SEF together. SERS and SEF show a non-linear response to the removal of AAO matrix due to an inhomogeneous plasmon activity across the nanorod. By modeling the electromagnetic fields in the Au nanorods with different AAO thickness, nonuniform plasmon activity along the nanorods was found; these results are used to explain experimental findings.
A schematic illustration of the sample, i.e., a quasi-ordered free-standing Au nanorod array substrate, is shown in Fig. 1a along with a SEM image (using a Jeol 6500F field emission SEM) shown as inset. SEM data showed that the arrays possessed average spacing (center-to-center) of 70 nm, rod diameter of 35 nm, and rod height of 200 nm. A pre-cleaned glass substrate was used as a base for the nanorod fabrication (Schott UK Limited). On this, a thin film multilayer was prepared by magnetron sputtering, consisting of 8-nm tantalum pentoxide (Ta 2 O 5 ), 5-nm gold, and a 300-nm aluminum film. Porous alumina templates (AAO) were formed by anodization of the aluminum in 0.3 M sulphuric acid (∼1°C) at constant voltage (40 V) using a platinum counter-electrode. Au nanorods were then grown in the AAO template by electrodeposition from the conducting 5-nm-thick Au underlayer [32] . The samples were annealed at 200°C for 2 h before 30 mM NaOH was used to etch the AAO. The SERS response of the substrates was investigated by using probe molecule Rhodamine 6G (R6G) which possesses Raman scattering as well as fluorescence with 532-nm excitation [15, 36] . The substrates were immersed in 0.1 mM aqueous solution of R6G for 24 h, rinsed in distilled water, and allowed to dry, leaving a layer of adsorbed probe molecules on the gold surface. Raman and fluorescence spectra were recorded using a custom-built, open-bench system in epi-fluorescence backscattering configuration with a 50× objective and 532-nm excitation at a power of 0.5 mW [15] . The degree of removal of AAO was seen to affect SEF and SERS efficiency differently. A study of etching time vs. SERS and SEF was performed using a number of identical substrates, each one given a different etching time before the probe molecule was applied. The averages and errors of the fluorescence and Raman intensities were calculated using 100 spectra per sample.
Directly after growth, the gold nanorod array is surrounded by an AAO matrix which initially stands 100 nm taller than the Au nanorods. In Fig. 1b , the absorption spectrum of the Au nanorod substrate (normal incidence) shows a strong transverse mode at c.a. 530 nm (T) and a mode at c.a. 670 nm, originating from the Au underlayer (U). For reference, Fig. 1b also shows the absorption and emission spectra from the probe R6G molecule. As shown, R6G emission and absorption band overlaps with the plasmon resonance of the Au nanorod substrate; meaning, we are able to excite Raman and fluorescence simultaneously.
To study the samples after each etching step, we perform UV-VIS spectroscopy. Figure 2a shows the normal incidence UV-visible absorption spectra for a series of identical Au nanorod substrates with different etching times. As etching time is increased, the T mode decreases in overall intensity while the U mode increases. This change is due to two things: strengthening of the plasmonic coupling between the Au underlayer and the Au nanorod and a change in the dielectric material surrounding the Au nanorods as the AAO matrix is etched away. The longitudinal mode (L) of the nanorods is excited by tilting the sample, so the incident field has a component in the direction of the long axis of the rod. Absorption spectra at 40°angle of incidence show an increasing L mode relative to the spectra recorded at normal incidence (see inset in Fig. 2a) . The resonance of the L mode is dependent on dielectric medium, i.e., a blue shift is measured with decreasing AAO, from 640 nm (2.5 min) to 560 nm (35 min). Inspection of the SEM images shows that etching of the AAO matrix reduces the AAO height (with respect to the Au nanorods which are increasingly exposed as the AAO is removed) and increases the pore space around each Au nanorod. The absorption spectra indicate that the nanorods are initially in the predominantly perpendicular direction as shown in the SEM images in Fig. 2b-d . At high etch time (>35 min), the plasmonic modes become less distinctive in the absorption spectrum. This suggests that releasing the nanorods from the AAO matrix causes the nanorods to start bending, reducing homogeneity of the arrays. As the etching time is further increased (>40 min), the nanorods start collapsing and the modes become barely observable. For SERS and SEF, the etching time period studied was between 0 to 20 min in which the substrates possessed upright nanorods (as determined by SEM and optical absorption studies, see above). Figure 3a shows SEF spectra recorded for different etching times along with SERS spectra recorded simultaneously from the same substrates (inset). Inspection of the Fig 3a shows that an etching time of 2.5 min produces a twofold fluorescence enhancement compared to the emission intensity recorded using glass; this is interpreted to arise from plasmonic enhancement of fluorescence, i.e., SEF. Maximum SERS intensity was observed after 25 min of etching. Studies concentrating on the Raman spectrum alone showed that no signal could be seen from glass with the same concentration of probe molecule, while a relatively strong and clear Raman spectrum was recorded using the nanorod substrate. This supports the assertion that the Raman spectra recorded are SERS. Figure 3b shows a plot of SEF and SERS signal intensities as a function of etching time. Figure 3b shows a rapid increase in SEF intensity between etching times of 0 and 2.5 min. The Fig. 3 a Plot of SEF and SERS (inset) signal intensities obtained for different etching times. Fluorescence was also measured from a glass slide, prepared in the same way, as a control. b Plot of SEF (black filled box) and SERS (red filled circles) signal intensities vs. etching time, noting that the SERS intensity has been multiplied by 100. c Plot of SEF vs. etching time, when using multiple samples (1) and when using a single sample (2) . d Plot of SEF vs. SERS intensity (open circles), obtained simultaneously Fig. 4 a Calculated E-field distribution, at excitation wavelength λ= 532 nm, around the Au nanorods for different etching times (0, 1.25, 2.5, 7.5, and 17.5 min). E-field intensity is in units of V/m indicated by the color bar. The polarization and wave vector of the incident field are indicated by "E" and "k" respectively. b Plot of calculated E-field (2) and measured absorption (1) for the substrate after 7.5-min etching vs. excitation wavelength occurrence of high SEF from the nanorods following etching for a short period of time is assigned to arise from a high plasmon activity around the Au nanorod combined with the probe molecule being at an optimum distance. The probe molecule was on average positioned in non-direct contact with the Au nanorods via AAO acting as a spacer (i.e., an environment supporting SEF). Additional etching time results in a rapid decrease in SEF, as more gold and less AAO become available. Figure 3b shows that SERS intensity increases rapidly with increasing etching time. The non-linear SERS response indicates an inhomogeneous distribution of SERS active sites, with rod tips being dominant. This is in agreement with previous reports for etching and SERS [24] [25] [26] . In addition, etching for long periods of time (i.e. 30-40 min) results in lower reproducibility in SERS caused by bending and in the end collapse of the Au nanorods as shown in Fig 2. The collapse occasionally creates areas of high SERS intensity due to "hot spots". But mainly, we observe a decrease in SERS intensity originating from loss of periodicity and integrity of the 2D array [37] (data not shown).
A study of SEF intensity with etching time was performed in two different ways. One method (1) utilized multiple samples, each etched for different times and their SEF intensities compared (as shown in Figs. 2 and 3 ). With the second method (2), one sample was used and etched over different times. Figure 3c shows a plot of SEF with etching time for the two methods. The same trend occurs for both methods with a rapid rise in SEF intensity with time followed by a rapid drop in SEF intensity, followed by a tail off. For the second method, using one sample, it is noted that longer etching times were required to reach the highest SEF intensity c.a. twice as long. This occurs because the substrate has a monolayer of probe molecule on the surface when it is immersed in the etching solution. This first needs to be removed before the AAO can be reached and etched. Therefore, a delay in the etching process occurs as well as a buildup of probe molecules on the gold, adding to the fluorescence emission. No Raman signal is observed for this second method, possibly due to a multilayer formation instead of a monolayer.
In order to show the inverse relationship between SERS and SEF, a plot of SEF vs. SERS intensity is shown (see Fig 3d) . A rapid decrease in SEF results in an equal rise in SERS intensity, i.e., a linear relationship is shown. The plot shows that at etching times resulting in highest SEF intensity, we observe the lowest SERS intensity and vice versa. As SERS reaches 1.5 ·10 4 in intensity, the SEF intensity reaches minimum as quenching of the SEF is fully activated.
3D calculations of the electromagnetic near-fields on the Au nanorod substrate were carried out using finite element analysis. A model was made using a single nanorod with dimensions determined by SEM images. The Au nanorod was embedded in a varying combination of air (n air =1) and alumina (n alu =1.78). The thickness and height of the AAO and the nanorods were made according to SEM images at different etching times. The corners of the nanorod have been slightly rounded off to represent the nanorods in the SEM images. A shaper corner creates a higher E-field, but overall, the relative changes in E-field intensity with increasing etching time are the same. The nanorod was excited at normal incidence. The etching process was assumed symmetrical and therefore independent on the incident polarization of the Efield in the plane perpendicular to the long axis of the rod (xy plane). At this configuration, only the transverse mode was excited. Figure 4a shows images of the E-field distribution around the nanorod for different etching times. The images show that the distribution of the E-field is highest at the rod tips. Noticeable is also that at low etch times, highly localized E-fields are created between the AAO and Au nanorod. Figure 4b shows the result of measuring the E-field for different excitation wavelength for the substrate at 7.5 min. The result is compared with experimental measured absorption of the Au nanorod substrate after 7.5-min etching. There exists a good correlation between the two, indicating the enhancing field from the nanorod is in fact originating from the excitation of the transverse mode absorbing at 530 nm. The behavior of SEF intensity at low etch time indicates that the probe molecule adsorbed onto the AAO can be affected by the strong Efield. This creates a platform for producing SEF. As the ratio of AAO to Au surface area decreases, the probe molecule is able to adsorb onto the Au nanorod and the fluorescence is effectively quenched corresponding to a decrease in SEF intensity. This method makes it possible to tune the samples to maximize either SERS or SEF depending on application. By etching the AAO for 5 min simultaneous SERS and SEF signals can be obtained.
In conclusion, we show that SEF and SERS can be produced on arrays of self-standing Au nanorods embedded within a porous alumina template (AAO). By controlling the thickness of the AAO matrix, both SEF and SERS are observed with different intensities exhibiting an inverse relationship. Optimization of the level of AAO matrix thickness optimizes conditions for obtaining either maximized SERS, SEF or for simultaneously observing both SERS and SEF together.
